Background: Zoonotic cutaneous leishmaniasis (ZCL) is a polymorphic disease which may show various symptoms. Genetic diversity of the parasite is suggested to be one of the factors influencing the clinical manifestation of the disease.
Introduction
Zoonotic cutaneous leishmaniasis (ZCL) caused by Leishmania major is endemic in North Africa and the Middle East. In these regions, ZCL is a major public health problem, especially in rural areas where it may cause considerable morbidity. 1 Humans can be accidentally infected when exposed to the natural transmission cycle. 2 In Iran, three species of Leishmania: L. major, L.tropica and L. infantum, can cause cutaneous leishmaniasis (CL). Leishmania major is the dominant causative agent being prevalent in most parts of the country. [3] [4] [5] Different wild isolates of L. major caused varying clinical patterns and immune responses in experimentally infected mice. 6 Different rodents are reservoir hosts of Leishmania in Iran, with different regional importance: Rhombomys opimus and Meriones libycus in the northeast and centre of the country; M. libycus, M. persicus, Tatera indica and Nesokia indica in the centre and southwest; M. hurrianae in the southeast; and T. indica in the southwest and West. related parasites and for population genetic studies in different species of Old World Leishmania (for review see Schonian et al. 10 ). Microsatellites are tandemly repeated stretches of short nucleotide motifs of 1 to 6 bp distributed in the genomes of most eukaryotic organisms, and the genome of Leishmania was found to be relatively rich in microsatellites. 11 Microsatellites are co-dominant genetic markers that can detect all possible allelic variants in a diploid. The results of these analyses are reproducible and exchangeable between laboratories. An MLMT approach using 10 microsatellite markers has been previously applied to strains of L. major from Africa, the Middle East and Central Asia, and exposed three geographically distributed populations related to these main areas endemic for L. major. 12 Considerable genetic variability was observed for 25 Iranian strains of L. major isolated from human CL cases when the same MLMT approach was used. 13 These strains were assigned to three different genetic clusters largely corresponding to the geographical origins of the strains. It was suspected that this diversity might be related to the existence of different populations of Phlebotomus papatasi and/or to differences in reservoir host abundance in different parts of Iran.
In this study, the MLMT approach was used to investigate and compare the genetic diversity among strains of L. major isolated from rodents in different parts of Iran and to see whether their MLMT profiles correlated with the geographical distribution of the strains and the corresponding environmental and ecological conditions existing in the various locations.
Materials and methods

Sample collection
The study was carried out from June 2009 to October 2010 in rural regions of Golestan province (90 km north of Gonbad-e Kavoos city), northeast Iran, and of Fars province, south Iran (Figure 1 ).
Rodents were captured by live-traps baited with cucumbers. All study sites were situated at the edge of villages. First, the active colonies of rodents were recognized, then, live traps were put near the animal burrows for 15 days each time. The traps were checked four times a day. Captured rodents were transferred to the animal house, identified morphologically, 8, 14, 15 and screened for Leishmania parasites using PCR methods. After scratching the skin, serous fluid from rodent's ears was inoculated into NovyMacNeal-Nicolle (NNN) medium and incubated at 228C for a period of 6 weeks. Samples were checked regularly to monitor the growth of promastigotes with weekly subcultures in and RPMI 1640 medium (Gibco Life Technologies, New York, USA) containing 10% heat-inactivated fetal calf serum. All animals were handled in accordance with institutional care and guidelines for animal welfare. Finally, the animals were sacrificed after being anesthetized with ether.
Smears and/or pieces cut from the ears of the rodents were put in 1.5 ml microtubes, containing 100 ml phosphate-buffered saline (PBS). After three short centrifugations at 13 000 rpm (Eppendorf 5415, Germany) the supernatant was discarded. The rodent ear samples were put into liquid nitrogen for 5 min, three times. The genomic DNA was extracted as described by Ready et al. 16 and Parvizi et al. 17 This was done in a room of the molecular biology laboratory where amplified and cloned DNAs were never processed.
PCR amplification
The parasites in the rodent samples were detected by amplifying the ribosomal internal transcribed spacer 1 (ITS1) using the primers L5.8S (5 ′ -TGATACCACTTATCGCAC TT-3 ′ ) and LITSR (5 ′ -CTGGATCATTTTCCG ATG-3 ′ ). 18 The reaction mixture (25 ml) contained 0.5 U Taq polymerase (Merck, Whitehouse Station, NJ, USA), 2.5 ml 10x PCR buffer (Merck), 12.5 pmol of each primer (TIB MOLBIOL, TIB MOLBIOL Syntheselabor GmbH, Berlin, Germany), 10 ng of template DNA, 200 mM of each deoxyribonucleotide triphosphate (MBI Fermentas, Burlington, Canada), 2.5% dimethyl sulphoxide and distilled water. The thermal cycler (FlexCycler; Bio-Rad, Hercules, CA, USA) was programmed as follows: 2 min at 958C for initial denaturation, followed by 33 cycles, each of denaturation at 958C for 30 s, annealing at 538C for 30 s and extension at 728C for 60 s, and then by a final extension at 728C for 6 min.
Amplification products were subjected to electrophoresis in 1% agarose at 100 V in 0.5×TBE (0.045 M Tris-borate, 1 mM EDTA) buffer and visualized under ultraviolet light after staining for 15 min with ethidium bromide (0.5 g/ml). We used L. guyanensis as positive control in each PCR experiment. Negative controls that contained water instead of DNA were also amplified in each PCR experiment.
RFLP analysis of amplified ITS1
Species identification of Leishmania parasites was done by digesting the ITS1-PCR products (15 ml) with the restriction endonuclease HaeIII without prior purification using conditions recommended by the supplier (Hybaid GmbH, Heidelberg, Germany). The restriction fragments were subjected to electrophoresis in 1.5% Metaphor agarose (FMC BioProducts Rockland, ME, USA) at 100 V in 0.5×TBE buffer and visualized under ultraviolet light after staining for 15 min in ethidium bromide (0.5 g/ml).
Multilocus microsatellite typing
Microsatellite profiles were obtained for 17 cultured strains of L. major isolated from Rh. opimus and M. lybicus in Golestan (n¼15) and Fars (n¼2) provinces (Table 1) . For MLMT, nine of the ten microsatellite markers and the PCR conditions were used as previously described by Al-Jawabreh et al. and Tashakori et al. 12, 13 Marker GACA was excluded because of its low variability. Fluorescence-labeled forward primers (Proligo, Paris, France) were used for the amplification of microsatellite sequences. Screening of length variations of the amplified markers was done by automated fragment analysis using the ABI PRISM GeneMapper (Applied Biosystems, Foster City, CA, USA). In each run, reference strains of L. major, MHOM/IL/1980/Friedlin and MHOM/TN/1997/LPN162, were included for which the microsatellite repeat numbers for the nine loci had been determined by sequencing. After manual checking the repeat numbers calculated for the different loci were assembled into a multilocus microsatellite profile for every strain under study. These profiles were compared to 89 profiles previously obtained for strains of L. major from different CL in Central Asia, the Middle East, Africa and Iran (Table 1) .
Analysis of population structure and genetic distance
Population assignment was investigated, using the program Structure 2.2.3 (http://pritchardlab.stanford.edu/structure_ software/release_versions/v2.3.3/html/structure.html), based on Bayesian model-based method for inferring population structure using genotype data consisting of unlinked markers. Markov chain Monte Carlo (MCMC) search consisted of a burn-in length of 10 000 iterations followed by a run of 100 000 replications for each setting of DK (the number of populations) from 1 to 10 with 10 replicate runs of each. The most appropriate number of populations was determined based on DK that evaluates the second order rate of change of the likelihood function with respect to the number of populations (K).
Microsatellite profiles were also used to define genetic distances. Phylogenetic trees were constructed using the chord distance measure and the neighbor joining method by the help of the software programs MSA 3.0 (http://www.softpedia.com/get/ science-CDA/MSAnalyzer.shtml), POPULATIONS 1.2.28 (http:// bioinformatics.org/,tryphon/populations) and MEGA version 3.1 (http://www.megasoftware.net/). The software GDA (Gene Data Analysis; http://www.softpedia.com/dyn-postdownload.php?p= 171223&t=5&i=1). was applied to analyze the microsatellite data with respect to allelic diversity, number of allelic variants per marker (A), expected (H e ) and observed (H o ) heterozygosity, and inbreeding coefficient (F is ). Genetic differentiations were assessed by calculating F st values with corresponding p-values, using the MSA software. F st values higher than 0.25 indicate strong genetic differentiation.
Results
Collections of rodents from the field
Altogether, 368 rodents were captured and identified in two provinces. Of these, 246 rodents, 227 Rh. opimus and 19 M. libycus, were captured in the Turkemen Sahara area in Golestan province, northeast of Iran. In Fars province, south of the country, A. Mirzaei et al. Figure 1 and Table 2 ).
Leishmania parasites identified in rodents using the ITS1 PCR-RFLP assay
Samples from both ears of all 368 rodents captured were examined for Leishmania infections by ITS1 PCR-RFLP ( 
Species identification by restriction analysis of the amplified ITS1 region
The results of the subsequent RFLP analysis indicated that 33 of the PCR positive cases were infected with L. major, seven with L. turanica, three with two species including L. major and an unidentified parasite, and one with L. major and L. turanica. One rodent was found to be infected with L. infantum. Sequencing of the ITS1 PCR product (accession no. JX151010.1) has confirmed its identity as L. infantum. The Leishmania parasites in 76/121 samples (62.8%) remained unidentified because of not enough or bad quality of the PCR products. Species identification was successful in 45 cases of the samples (Table 2 ). Of the 24 rodents for which species identification was done in samples from both ears, 20 animals were infected by the same leishmanial species in both ears. Four animals had different infections in each ear, one with L. major/L. turanica and three with L. major/unidentified species. In some samples, the band pattern after digestion with HaeIII was not clear or was weak or mix of more than one agent.
Analysis of microsatellite loci
Nine polymorphic microsatellite loci were used to investigate and compare the genetic diversity among 17 strains of L. major Transactions of the Royal Society of Tropical Medicine and Hygiene obtained from rodents in different areas of Iran (Table 3 ). All nine primer pairs produced amplification products of the expected sizes. A total of ten different MLMT profiles were detected among the 17 Iranian strains studied, of which five were unique to individual strains (Table 3) . Two profiles were shared by three strains (RT04, RT147 and RT198, and RT236, RT155 and RT191). Three profiles were identical for two strains (RT153 and RT158, RT169 and RT180, RT186 and RT227). (Table 3) . When the microsatellite data obtained for the strains from Golestan and Fars provinces were compared to those of 89 previously described profiles, all microsatellite markers were polymorphic for the whole data set (Table 4 ). For the nine microsatellite markers, the number of alleles ranged from 3 to 12. The most polymorphic markers were 45GTG, 71AT, 1CA and 28AT with 12, 10, 10 and 9 allelic variants, respectively. The observed heterozygosity (H o ) was between 0 and 0.11 with a mean of 0.04. It was much less than the expected heterozygosity (H e ), representing the probability that an individual will be heterozygous over the loci tested, which ranged from 0.45 to 0.87 with a mean of 0.68 (Table 4) .
Population analysis
The population structure was investigated using the Bayesianmodel based on clustering approach implemented in the software Structure 2.2.3 (http://pritchardlab.stanford.edu/structure_ software/release_versions/v2.3.3/html/structure.html). The most probable number of populations in this data set by calculating DK was two (Figure 2A ). Population 1 (n¼50, in black) consisted of the 15 strains from Golestan and three strains from Semnan province, both located in the north of Iran. In addition, 15 strains from Israel/Palestine, 10 from Uzbekistan, four from Turkmenistan, two from Saudi Arabia and one from Turkey were assigned to this population. When population 1 was re-analyzed separately by Structure, it was further sub-divided in three genetic clusters ( Figure 2B and Table 1 ). Cluster 1a was composed of 15 strains from Israel/Palestine, two strains from Saudi Arabia and one strain from Turkey, that had been part of the populations MEI and MEII in the study by Al-Jawabreh et al. 12 Cluster 1b was solely formed by the 15 strains isolated from rodents in the Golestan province, whereas cluster 1c included 14 strains from Central Asia, previously assigned to the populations CAI and CAII, 12 and two strains from Semnan Province described earlier by Tashakori et al. 13 Interestingly, some strains presented mixed membership coefficients for more than one cluster, especially strains PII 24 (Semnan, Iran), NealP (Uzbekistan), and ISLAH718 (Palestine).
Population 2 (n¼56, in gray) comprised the two strains from Fars province studied herein, 23 further Iranian strains from Esfahan, Khuzestan, Ilam and Semnan provinces, 19 from different CL foci in Africa, 11 from the Middle East and one from Turkey. Re-analysis by Structure revealed that this population was divided into eight genetic clusters ( Figure 2C and Table 1 ). Two of them, 2e and 2f, were formed by strains from Iran previously described as two different genetic groups, IR I and IR II, by Tashakori et al. 13 The two strains from Fars province grouped together with an old strain from Iran (vaccine strain), one strain from Semnan province and one from Iraq in cluster 2 h. The African strains were assigned to four different clusters, named 2a, 2c, 2d and 2 g, thus confirming their high genetic diversity noted before. 12 In the neighbor joining dendrogram constructed from the chord distance matrix, the 106 isolates were also assigned to two clusters (Figure 3 ) which were almost in agreement with those identified by Structure analysis, with two major exceptions. First, the strains from Fars province did not group together. Strains RF114 was close to two strains from Africa whereas strain RF116 was placed on an individual branch of the tree. Secondly, the strains from the Middle East, except strain L 946, represented a monophyletic group and were not divided between the two main clusters. As suggested by Structure, strains from Golestan and Semnan provinces differed from each other but were both closest to the strains from Central Asia.
Discussion
Four species of rodents act as main reservoir hosts of L. major in different parts of Iran; Rh. opimus in north and central parts of the country, M. libycus in the centre and the south, T. indica in the west and the south, and M. hurrianae in the southeast and south. 3, 7, 8, 19 In this study, we have sampled rodents in two different provinces of Iran, Golestan and Fars, and tested for infection by leishmanial parasites by the ITS1-PCR-RFLP assay. Rhombomys opimus and M. libycus were captured in the northeastern province of Golestan and leishmanial DNA was detected in approximately one third of them (76 of the Rh. opimus and seven of the M. libycus). In the Fars province, south of Iran, only M. libycus and M. persicus were caught, and again around 30% (38/122) of them (31 M. libycus and seven M. persicus) were infected with Leishmania parasites. Species identification could be achieved in only 35 of the Rh. opimus and seven of the M. libycus and L. major was found to be the predominating infecting agent in these rodents. Seven Rh. opimus were positive for L. turanica DNA, and one for both L. major and L. turanica. Surprisingly, DNA of L. infantum was detected in one gerbil. Rodents infected by L. infantum have been found occasionally in Iran [20] [21] [22] as well as in different Mediterranean countries 23, 24 and in Brazil. 25 Whether rodents might play a role in transmission of visceral leishmaniasis in foci endemic for L. infantum remains to be established. For most of the rodents the infecting species could not be identified. This might be due to the fact that ITS1-PCR is not specific for Leishmania but also amplifies DNA from other trypanosomatids which can be transmitted by sand fly vectors and in some samples, the band pattern after digestion with HaeIII was not clear or was weak because of rodents infection with small numbers of Leishmania parasite or mix of more than one agent.
Seventeen strains, 15 isolated in Golestan and two in Fars province, were studied for microsatellite variation at nine loci and presented ten different microsatellite profiles. The high genetic polymorphism of the L. major strains isolated from rodents is corroborating similar results obtained for human isolates from Iran. 13, 26 By applying Bayesian model-and distance-based analyses of the microsatellite data, the 17 strains from Iran were assigned A. Mirzaei et al. to two different genetic clusters corresponding to their geographical origin. This was confirmed when their microsatellite profiles were compared to those published for 25 strains of L. major isolated from human CL cases in other Iranian provinces 13 ) and for 64 strains of different geographical origins. 12 Golestan strains were very closely related to strains from Central Asia, from the neighbouring country of Turkmenistan and from Uzbekistan. This is probably not surprising, because Rh. opimus is the proven reservoir host in these Central Asian foci and also in the north of Iran. The strains isolated from human CL cases in Semnan province are also related to the Central Asian strains, especially in the distance analysis. Bayesian statistics revealed mixed membership of the Semnan strains to different genetic groups, the reasons for this remains to be established. Although both related to the Central Asian L. major, the strains from Golestan and Semnan provinces differed from each other. This might be due to geographical isolation, since the Alborz mountains in north Iran separate the Golestan province from rest of the country.
The two strains from Fars were completely unique and different from all other strains from Iran. Though the Bayesian modelbased clustering approach has assigned them to the same genetic cluster, this could not be confirmed by the genetic distance based method. Both types of analyses use different algorithms. The Bayesian approach identifies genetically distinct populations by comparing allele frequencies, whereas the phylogenetic analysis was based on the calculation of microsatellite genetic distances. It has been recently shown that STRUCTURE sometimes creates artificial populations which are not confirmed by other clustering approaches and may consist of genetically quite diverse individuals. 27 The fact that strain MHRO/IR/2009/RF116 grouped separately in the neighbor joining tree may be related to its hybrid genotype sharing alleles of the other strain from Fars, MHRO/IR/ 2009/RF114, and of strains from Golestan province. As we had only two strains from Fars area, it is not possible to finally conclude on this result. More strains from different hosts in Fars region need to be analyzed in order to get an insight in the genetic diversity of L. major strains in this region. The genetic differences between strains from different parts of Iran, from the Golestan and Fars provinces investigated in this study but also from the Semnan, Esfahan and Ilam/Khuzestan provinces studied earlier, 13 are probably due to geographical barriers between them but might also reflect different transmission cycles involving different reservoirs, described above, or/and vectors. Microsatellite typing of Phlebotomus papatasi, the main vector of L. major in most areas, and also in different parts of Iran, differentiated three subpopulations of this sand fly vector in Iran, one in the south, one in central areas, and a more diverse one in the northeast. 28 It seems that the genetic difference of Iranian L. major coincides with the presence of different vector and reservoir host populations.
Three different epidemiological types of ZCL have been observed in Iran. Tatera indica was found to be the primary and N. indica or M. libycus erythrourus the secondary reservoir hosts of ZCL in the west and south west of the country. In the south east (Baluchistan), M. hurrianae and T. indica are known as the primary and secondary reservoirs of this disease, respectively. In the south of Iran, M. libycus was confirmed as the main reservoir host of ZCL. [29] [30] [31] [32] In conclusion, the present study confirms high genetic polymorphism among strains of L. major and the existence of geographically and genetically distinct populations in Iran. This study was limited by the small number of samples collected, especially from Fars area, due to difficulties in maintaining the captured rodents and in culturing parasites from them during the field work.
This information, together with future epidemiological and population genetic studies, will be very useful for the design of Table 1 . The populations were named as previously described. 12,13 AF: Africa; CA: Central Asia, IR: Iran; ME: Middle East.
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parasite-targeted control strategies aimed for eradication of ZCL in Iran.
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